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SUMMARY 
Theoretical values of performance parameters f o r  a mixture of 
36.3 percent l iquid ammonia and 63.7 percent hydrazin'e by weight with 
l iquid oxygen bifluoride were calculated on the assumption of equilib- 
rium composition during the expansion process f o r  a wide range of fue l -  
oxidant and expansion ra t ios .  The parameters included were specif ic  
impulse, combustion-chamber temperature, nozzle-exit t eqe ra tu re ,  equi- 
librium composition, mean molecular weight, character is t ic  velocity, 
coefficient of thrust ,  and r a t i o  of nozzle-exit area t o  throat  area. 
The maximum value of specif ic  impulse was 295.8 pound-seconds per 
pound f o r  a chamber pressure of 300 pounds per square inch absolute 
(20.41 atm) and an e x i t  pressure of 1 atmosphere. Additional calcula- 
t ions were made t o  determine the e f fec ts  on performance of a small 
amount of water i n  the hydrazine. 
INTRODUCTION 
Both ammonia and hydrazine have been of in t e res t  f o r  a number of 
years as  possible rocket fuels  because of t h e i r  high theore t ica l  spe- 
c i f i c  impulse with several oxidants. Extensive data ex is t  i n  the 
l i t e ra tu re  on the avai labi l i ty ,  cost, and physical, chemical, and 
handling properties (references 1 and 2 ) .  
In te res t  has a l so  been shown i n  mixtures of ammonia and hydrazine, 
inasmuch as  some of the properties of the mixtures a r e  more desirable 
than those of the separate fuels  (reference 3) . Ammonia, for  example, 
depresses the re la t ive ly  high freezing point of hydrazine, whereas the 
hydrazine s l igh t ly  lowers the vapor pressure of the ammonia. 
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Oxygen b i f luor ide  i s  of i n t e r e s t  a s  a rocket oxidant because i t s  
performance i s  b e t t e r  than t h a t  of oxygen and i t s  handling and mater ia l  
problems may be simpler than those of f luor ine .  A t  t he  temperature of 
l i qu id  nitrogen (-195.8' C) , the  densi ty  of l i qu id  oxygen b i f luor ide  i s  
about 1.77 grams per cubic centimeter (reference 4), whereas the  densi ty  
of l i qu id  f l uo r i ce  a t  t he  same t e q e r a t u r e  i s  about 1.56 grams per cubic 
centimeter (according t o  recent research a t  Aerojet Engineering Corp.). 
Additional information concerning oxygen b i f luor ide  may be found i n  
reference 5. 
Calculations were made a t  t he  NACA Lewis laboratory t o  determine 
the  t heo re t i c a l  performance of a mixture of l i qu id  ammonia and hydrazine 
with l i qu id  oxygen bif luor ide ,  over a wide range of fuel-oxidant and 
expansion r a t i o s .  A f u e l  mixture containing 36.3 percent amonia  by 
weight was se lected a s  suggested by  t h e  Bureau of Aeronautics, Depart- 
ment of t h e  Navy and i s  based on data  from reference 3, This mixture 
was se lected a s  a compromise between a f u e l  having a des i rable  f reezing 
point  and one having high performance. I n  order t o  determine t he  e f f ec t  
on performance of a small amount of water i n  t he  hydrazine, add i t iona l  
calcula t ions  were made assuming t he  hydrazine contained 5 percent water 
by weight. It was assumed t h a t  t he  water would combine with hydrazine 
t o  form hydrazine hydrate. 
Data were calcula ted on the  ba s i s  of equilibrium composition dur- 
ing expansion and cover a wide range of fuel-oxidant and expansion 
r a t i o s .  The performance parameters included a re  spec i f ic  impulse, 
combustion-chamber temperature, nozzle -ex i t  temperature, equilibrium 
composition, mean molecular weight, cha rac t e r i s t i c  velocity,  coef f ic ien t  
of t h ru s t ,  and r a t i o  of nozzle-exit a rea  t o  th roa t  area.  
SYMBOLS 
The following symbols a r e  used i n  t h i s  repor t :  
A area  ( sq  f t )  
a l o c a l  ve loc i ty  of sound ( f %/see) 
,coeff ic ient  of t h r u s t  
charac te r i s t i c  ve loc i ty  ( f t /sec) 
th rus t ,  ( l b )  
f l , f2, .  . .f5 functions 
H enthalpy (cal/mole) 
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h enthalpy, incl-uding both sensible  and chemical energy per  un i t  
weight ( cal/g) 
I spec i f i c  impulse ( lb-sec/lb) 
J mechanical equivalent of heat  
M mean molecular weight (glmole) 
n number of atoms 
P pressure 
r equivalence r a t i o ,  r a t i o  of number of hydrogen atoms t o  sum of 
number of f luor ine  atoms plus  two times number of oxygen atoms 
i n  propel lant  
s entropy (cal/(mole) (OK) ) 
T temperature (OK) 
Subscripts  : 
c cornbustion chamber 
e nozzle e x i t  
o conditions a t  0' K, assuming recombination i s  complete 
t th roa t  
METHOD OF CALCULATION 
The computations were ca r r ied  out by means of the  method described 
i n  reference 6 with modifications t o  adapt it f o r  use with an IBM Card 
Programmed Elect ronic  Calculator,  The machine was operated with f l o a t -  
ing decimal point  notation and e ight  s ign i f ican t  f igures .  The succes- 
s i ve  approximation process used t o  obtain the  desired values of the  
assigned parameters (mass balance and pressure o r  entropy balance) was 
continued u n t i l  seven-figure accuracy was achieved. 
Assumptions. - The calculations were based on t he  following usual  
assumptions: pe r fec t  gas law, adiabat ic  combustion a t  constant pressure, 
i sentropic  expansion, no f r i c t i o n ,  homogeneous mixing, and one- 
dimensional flow. The products of combustion were assumed t o  be i dea l  
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gases and included the following substances: f luorine F2, hydrogen HZ, 
oxygen OZ, nitrogen .N2, vater H20j hydxoxgl radical  OHj hydrogen 
f luoride ID', n i t r i c  oxide NO, atomic fluorine F, atomic hydrogen H, 
atomic oxygen 0, and atomic nitrogen Pi. 
Thermodynamic data. - The thermodynamic data used i n  the  calcula- 
t ions  were taken from reference 7, which selected the lower value of 
35.6 kilocalories per mole f o r  the dissociation energy of F2. Physical 
and thermochemical properties of the propellants were taken from r e f -  
erences 4 and 7 t o  10 and are given i n  table  I. The heat of solution 
was neglected i n  estimating the heat of formation of each mixture. 
Composition of fuelmixtures .  - Performance calculations were made 
f o r  two f u e l  mixtures with oxygen bifluori.de as  the oxidant. One f u e l  
mixture was ammonia and hydrazine containing no water, which w i l l  be 
designated pure fuel ,  and the other was ammonia and commercial hydrazine 
i n  which the hydrazine contained 5 percent water by weight, which w i l l  be 
designated commercial fue l .  
The compositions of the two fue ls  a r e  summarized i n  the following 
tab l e  : 
Procedure fo r  combustion conditions. - For each of eight equivalence 
ra t ios ,  equilibrium composition, enthalpy, and entropy of the combustion 
products were computed a t  a combustion pressure of 300 pounds per square 
inch absolute (20.41 atm) f o r  three temperatures 100' K apart  which were 
selected t o  be near the  combustion temperature. These data and the  
value of enthalpy of the propellant were then used t o  interpolate the 
values of temperature, entropy, equilibrium composition, and mean 
molecular weight of the products of combustion corresponding t o  an 
adiabatic combustion process. 
Procedure fo r  ex i t  conditions. - Equilibrium composition, mean 
molecular weight, pressure, loca l  veloci ty  of sound, and enthalpy of 
the products of combustion were computed fo r  each equivalence r a t i o  by 
assuming isentropic expansion f o r  four ex i t  temperatures selected t o  
cover the e x i t  pressure range from the nozzle-throat pressure t o  about 
0.02 atmosphere. 
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The data computed fo r  combustion and e x i t  conditions were used t o  
interpolate f o r  throat  conditions and e x i t  conditions corresponding t o  
a l t i tudes  of 0, 20,000, 40,000, 60,000, and 80,000 fee t .  The in ter -  
polated data were used t o  compute specific impulse, character is t ic  
velocity, coefficient of thrust ,  and area ra t ios .  
Interpolation formulas. - Temperature and equilibrium composition 
f o r  combustion conditions were obtained by means of a three-point 
Lagrange interpolation fornula (see referknce LL f o r  interpoiation 
formulas) . The combustion entropy was obtained by means of Neville ' s 
interpolation formula using three points and three slopes. The slopes 
were known from the thermodynamic re la t ion  @jp = T. A five-paint 
Lagrange interpolation formula was used f o r  a l l  e x i t  interpolations. 
The errors  due t o  interpolation were checked f o r  several cases. 
For combustion conditions, the errors  were negligible, but f o r  ex i t  
conditions it was necessary t o  use special  functions t o  obtain accept- 
able accuracy. The values tabulated fo r  a l l  performance parameters 
except e x i t  temperature and area r a t i o  appear t o  be correctly in te r -  
polated t o  one or two units i n  the l a s t  place tabulated. Interpolated 
ex i t  temperatures maybe i n  error  by as  much as s i x  units and area r a t i o s  
by 0.4 percent. 
The functions used i n  the ex i t  interpolations are: 
a f l  = log (he + - ho), f 2  = log (he - hO), f 3  = log T, 
f 4  = log (M, - q), and f 5  = log P. The pressure a t  the throat  was 
found by interpolating f5 as a function of f l  f o r  the point 
f l  = 1% (hc - ho), a t  which the velocity of flow equals the velocity 
of sound. The values of the remaining functions were interpolated as  
functions of f 5  f o r  the desired pressures. 
Tm0mTICA.L PERFORMANCE 
The calculated values of the various performance parameters f o r  both 
propelhnts  (pure f u e l  and commercial fue l )  fo r  a combustion pressure of 
300 pounds per square inch absolute and a t  ex i t  pressures corresponding 
t o  a l t i tudes  of 0, 20,000, 40,000, 60,000, and 80,000 f e e t  a re  given 
i n  tables  I1 and 111 f o r  eight equivalence r a t ios .  The values of pres- 
sure corresponding t o  the assigned a l t i tudes  were taken from refer -  
ences 12 and 13. Equilibrium compositions i n  the combustion chamber and 
a t  assigned e x i t  temperatures are  given i n  tables IV and V, 
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The parameters f o r  both propel lants  a r e  p lo t ted  i n  f igures  1 t o  6. 
Curves of spec i f i c  impulse f o r  t he  f i v e  a, l t i tudes a r e  shown i n  f i gu re  1 
p lo t t ed  against  weight-percent f u e l ,  The difference between the  curves 
f o r  pure and commercial f u e l s  f o r  ally a l t i t u d e  i s  about one t o  
th ree  impulse un i t s  over t he  e n t i r e  range of weight-percent f u e l  
presented. For pure f u e l  t he  maximum value of spec i f i c  impulse f o r  the  
sea- level  curve i s  about 295.8 pound-seconds per  pound. a t  about 38.3 per- 
cent  of f u e l  by weight, whereas f o r  commercial f u e l  t he  maximum i s  about 
293.7 pound-seconds per pound a t  about 38.5 percent of f u e l  by weight. 
, 
The maximum values of spec i f i c  impulse and t he  values of weight- 
percent f u e l  a t  which they occur a r e  shown p lo t ted  i n  f i gu re  2 a s  
functions of a l t i t ude .  The maximum spec i f ic  impulse increases 32.0 per-  
cent f o r  both  fue l s  f o r  a change i n  a l t i t u d e  from sea l e v e l  t o  
80,000 f e e t .  
Curves of combustion-chamber temperature and nozzle-exit  tempera- 
t u r e  f o r  t h e  f i v e  a l t i t u d e s  a re  presented i n  f igure  3 a s  functions of 
weight-percent f u e l .  The maximum combustion temperature occurs a t  the  
extreme oxidant-rich end of t h e  curves, being 3906' K a t  about 20.5 per-  
cent f u e l  by weight f o r  pure f u e l  and 3885O K a t  about 20.8 percent 
f u e l  by weight f o r  commercial f ue l .  The maximums of t he  e x i t -  
temperature curves occur near t h e  stoichiometric mixture. 
Character is t ic  ve loc i ty  and coef f ic ien t  of t h r u s t  a r e  p lo t ted  i n  
f i gu re  4 and r a t i o s  of t he  area  a t  t he  nozzle e x i t  t o  a rea  a t  t he  t h roa t  
a r e  shown i n  f igure  5 a s  functions of weight-percent f ue l .  The coef f i -  
c ient-of- thrust  and a rea- ra t io  functions may be  used t o  determine t h e  
values of At and A, f o r  a combustion-chamber pressure of 300 pounds 
per  square inch absolute f o r  any specif ied t h ru s t  and expansion r a t i o  
by means of the  conventional equations 
and 
where t he  values of CF and %/At correspond t o  t h e  specif ied 
expansion r a t i o .  
According t o  the  calcula t ions  f o r  several  propellant  combinations 
a t  t h i s  laboratory, the  var ia t ion  i n  the  coeff ic ient-of- thrust  function 
i s  l e s s  than 1 percent over the range of combustion-chamber pressures 
from 300 t o  2000 pounds per square inch absolute f o r  constant expansion 
r a t i o ,  and t he  var ia t ion  i n  Ae/At i s  about 6 percent f o r  the  same 
conditions. Equations (1) and (2)  may therefore be used t o  obtain th roa t  
and e x i t  areas f o r  specif ied t h ru s t s  and expansion r a t i o s  t o  about these 
same percentages of accuracy f o r  a range of combustion-chamber pres-  
sures from 300 t o  2000 pounds per square inch absolute when t he  values 
of CF and %/At a r e  taken t o  correspond t o  t h e  specif ied expansion 
r a t i o .  
Curves of mean molecular weight i n  t he  combustion chamber and i n  
t he  nozzle e x i t  a r e  shown p lo t ted  against  weight-percent f u e l  i n  f i g -  
w e  6. 
SUMMARY OF RESULTS 
Theoret ical  calculat ions of t he  performance parameters of l i qu id  
oxygen b i f luor ide  with two s e t s  of fue l s ,  one containing 36.3 percent 
l i qu id  ammonia and 63.7 percent l i qu id  hydrazine by weight (pure f u e l )  
and t h e  other containing 36.3 percent l iqu id  ammonia, 54.85 percent 
l i q u i d  hydrazine, and 8.85 percent l i qu id  hydrazine hydrate by weight 
(commercial f u e l ) ,  were made f o r  a wide range of fuel-oxidant and 
expansion r a t i o s  and yielded the  following r e su l t s :  
1. For a combustion-chamber pressure of 300 pounds per square inch 
absolute (20.41 atm) and an e x i t  pressure of 1 atmosphere, the  maximum 
spec i f ic  impulse w a s  295.8 pound-seconds per pound a t  38.3 percent f u e l  
by  weight f o r  pure f u e l  and 293.7 pouna-seconds per pound a t  38.5 per-  
cent f u e l  by weight f or commercial f ue l .  
2. The maximum combustion temperature f o r  a chamber pressure of 
300 pounds per square inch absolute was 3906' K a t  about 20.5 percent 
f u e l  by weight f o r  pure f u e l  and 3885O K a t  about 20.8 percent f u e l  by 
weight f o r  commercial f ue l .  
3. The maximum spec i f ic  impulse increased 32.0 percent f o r  bo th  
f u e l s  f o r  a change i n  a l t i t u d e  from sea l eve l  t o  80,000 f e e t .  
4. For a combustion-chamber pressure of 300 pounds per square inch 
absolute and f o r  t he  range of e x i t  pressures corresponding t o  a l t i t u d e s  
of 0 t o  80,000 f e e t ,  the  reduction i n  specif ic  impulse due t o  t he  addi- 
t i o n  of 5 percent water by weight i n  t he  hydrazine (commercial f u e l )  was 
from about one t o  three  un i t s  f o r  a wide range of percent f u e l  by 
weight. 
Lewis F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 
Cleveland, Ohio 
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TABLE I1 - CALCULATED PERFORMANCE OF A MIXTURE CONTAINING 36.3 PERCENT AMMONIA AND 63.7 PERCENT HYDRAWNE BY WEIGHT 
WITH OXYGEN BIFLUORIDE 
[wre fuel; combustion-chamber pressure, 3 0 0  lb/sq in. absolute] 
TABLE I11 - CALCULATED PERFORMANCE OF A MIXTURE CONTAINING 36.3 PERCENT AMMONIA, 54.85 PERCENT HYDRAZINE, AND 8.85 PERCENT HYDRAZINE 
HYDRATE BY WEIGHT WITH OXYGEN BIFLUORIDE 
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TABLE IV - EQUILIBRIUM COMPOSITION IN COMBUSTION CHAMBER AND FOLLOWING AN ISENTROPIC EXPANSION TO ASSIGNED EXIT 
TEMPERATURES FOX PURE FUEL 










r = 1.25 (39.23 wercent fuel bs weiaht) 
0.2015 
0002689 
' Equilibrium composition (mole fraction) 




































































































































































TABLE IV - EQUILIBRIUM COMPOSITION IN COMBUSTION CHAMBER AND FOLLOWING AN ISENTROPIC EXPANSION TO ASSIGNED EXIT 
E! 
TEMPERATURES FOR PURE FUEL - Concluded M UI 



















































































































































































































































































TABLE V - EQUILIBRIUM COMPOSITION IN COMBUSTION CHAMBER AND FOLLOWING AN ISENTRODIC EXPANSION TO ASSIGNED EXIT 
TEMPERATURES FOR COMMERCIAL FUEL 
Eommercial fuel: 36.3 percent NH3, 54.85 percent N2H4, and 8.85 percent NgH4*H20 by weight; oxidant:  OF^^ 
Equilibrium composition (mole fraction) 
r = 1.00 (stoichiometric, 34.69 percent fuel by weight) 
































































































































































































TABLE V - EQUILIBRIUM COMPOSITION IN COMBUSTION CHAMBER AND FOLLOWING AN ISENTROPIC EXPANSION TO ASSIGNED EXIT 
TEMPERATURES FOR COMMERCIAL FUEL - Concluded 













r = 2.50 (57.99 percent fuel by weight) 
20.41 0.23331 0.36926 0.13125 0.00072 ------- 0.00006 0.25682 0.00003 0.00850 0.00001 0.00004 
10.55 .23406 .37284 .I3227 .00017 ------- .00001 .25766 ------- .00298 ------- .00001 
1.293 .23443 .37482 -13266 ------- ------- ------- .25808 ------- .00001 ------- ------- 
0.5179 -23444 .37482 ,13266 ------- ------- ------- -25808 ------- ------- me----- ------- 
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r = 1.75 (48.65 percent fuel by weight) 
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Figure 1. - Theoretical spec i f ic  impulse of mixtures of l i qu id  ammonia and 
hydrazine with l i qu id  oxygen bif luoride.  Pure fue l :  36.3 percent ammonia, 
63 .7  percent hydrazine by weight; commercial fue l :  36.3 percent ammonia, 
54.85 percent hydrazine, 8.85 percent hydrazine hydrate by weight; isen- 
t ropic expansion assuming equilibrium composition; combustion-chamber 
pressure, 300 pounds per square inch absolute; e x i t  pressure corresponding 
t o  a l t i t ude  indicated. 
Altitude, f t  
Figure 2 .  - Maximum t h e o r e t i c a l  spec i f i c  impulse and corresponding weight percent of f u e l  i n  
propellant of mixtures of l i q u i d  ammonia and hydrazine with l i q u i d  oxygen b i f luor ide .  Pure 
fue l :  36.3 percent ammonia, 63.7 percent hydrazine by weight; commercial fue l :  36.3 percent 
ammonia, 54.85 percent hydrazine, 8.85 percent hydrazine hydrate by weight; i sentropic  
expansion assuming equilibrium composition; combustion-chamber pressure,  300 pounds per 
square inch absolute; e x i t  pressure corresponding t o  a l t i t u d e  indicated. 
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Fuel in propellant, percent by weight 
Figure 3. - Theoretical combustion-chamber temperature and nozzle-exit tempera- 
ture of mixtures of liquid ammonia and hydrazine with liquid oxygen bifluori.de 
Pure fuel: 36.3 percent ammonia, 63.7 percent hydrazine by weightj commercial 
fuel: 36.3 percent ammonia, 54.85 percent hydrazine, 8.85 percent hydrazine 
hydrate by weight; isentropic expansion assuming equilibrium compositionj 
combustion-chamber pressure, 300 pounds per square inch absolute; exit pres- 
sure corresponding to altitude indicated. 
Fuel in propellant, percent by weight 
Figure 4. - Theoretical characteristic velocity and coefficient of thrust of mix- 
tures of liquid ammonia and hydrazine with liquid oxygen bifluoride. Pure fuel: 
36.3 percent ammonia, 63.7 percent hydrazine by weight; commercial fuel: 36.3 
percent ammonia, 54.85 percent hydrazine, 8.85 percent hydrazine hydrate by 
weight; isentropic expansion assuming equilibrium composition; combustion- 
chamber pressure, 300 pounds per square inch absolute; exit pressure corres- 
ponding to altitude indicated. 
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Fuel in propellant, percent by weight 
Figure 5. - Theoretical ratios of nozzle-exit area to throat area 
of mixtures of liquid ammonia and hydrazine with liquid oxygen 
bifluoride. Pure fuel: 36.3 percent ammonia, 63.7 percent hydra- 
zine by weight; commercial fuel: 36.3 percent ammonia, 54.85 
percent hydrazine, 8.85 percent hydrazine hydrate by weight; 
isentropic expansion assuming equilibrium compositionj combustion- 
chamber pressure, 300 pounds per square inch absolute; exit 
pressure corresponding to altitude indicated. 
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( a )  Pure fue l :  36.3 percent ammonia, 63.7 percent hydrazine by weight. 
Figure 6. - Theoretical mean molecular weight i n  the combustion chamber and a t  
the  nozzle e x i t  of mixture of l iquid  ammonia and hydrazine with l iquid  oxygen 
b i f luor ide .  Isentropic expansion assuming equilibrium composition. Combustion- 
chamber pressure, 300 pounds per square inch absolute; e x i t  pressure correspond- 
ing t o  a l t i t ude  indicated. 
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(b) Commercial fuel: 36.3 percent ammonia, 54.85 percent hydrazine, 8.85 percent 
hydrazine hydrate by weight. 
Figure 6. - Concluded. Theoretical mean molecular weight in the combustion chamber 
and at the nozzle exit of mixture of liquid ammonia and hydrazine with liquid 
oxygen bifluoride. Isentropic expansion assuming equilibrium composition. 
Combustion-chamber pressure, 300 pounds per square inch absolute; exit pressure 
corresponding to altitude indicated. 
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